Alterations of the genital mucosal barrier may influence the number of viruses transmitted from a human immunodeficiency virus-infected source host to the newly infected individual. We used heteroduplex tracking assay and singlegenome sequencing to investigate the effect of a tenofovirbased microbicide gel on the transmission bottleneck in women who seroconverted during the CAPRISA 004 microbicide trial. Seventy-seven percent (17 of 22; 95% confidence interval [CI], 56%-90%) of women in the tenofovir gel arm were infected with a single virus compared with 92% (13 of 14; 95% CI, 67%->99%) in the placebo arm (P = .37). Tenofovir gel had no discernable impact on the transmission bottleneck.
It is well established that there is a severe genetic bottleneck associated with human immunodeficiency virus (HIV) transmission, resulting in low genetic diversity in early infection. Recently, larger studies that sequenced single HIV genomes from mainly heterosexual cohorts were able to more accurately quantitate this bottleneck [1] [2] [3] [4] . It is estimated that approximately 80% (141 of 175) of sexually transmitted HIV infections are the result of only a single variant crossing the mucosal barrier to establish clinical infection. However, HIV and simian immunodeficiency virus studies have shown that the virus transmission bottleneck is affected by both the dose and the route of infection [4] [5] [6] [7] . In macaques, a lower-dose inoculum resulted in a reduced number of transmitted variants [6] . Although in both macaques and humans injection drug use (IDU) resulted in an increased frequency of multiplevariant infections [5, 7] , a separate study from Russia found that IDU did not relax the genetic bottleneck [8] . This conflict in findings about IDU could be due to differences in cohort characteristics, including risk behavious. Men who have sex with men are also at higher risk of infection than heterosexuals [5] and were found to be twice as likely to acquire multiple-variant HIV infections, possibly due to anatomical and histological differences between the 2 modes of transmission [4] . Similarly, inflammatory genital infections have also been shown to be associated with both increased risk of transmission and multivariant infection [2] . Together these studies suggest that breaching or bypassing the mucosal barrier can mitigate the viral transmission bottleneck and that characterizing the diversity following transmission can provide a surrogate marker of increased transmission risk.
Microbicides for women aim to reinforce the vaginal epithelial barrier against infection, although some microbicides, such as nonoxyl-9, compromise the mucosal barrier and increase the risk of transmission [9] . The recent pivotal CAPRISA 004 microbicide trial showed that women in urban and rural KwaZulu-Natal, South Africa, who used 1% tenofovir-based gel had a significantly lower incidence of HIV acquisition (5.6 per 100 women-years) than women on the placebo arm (9.1 per 100 women-years Africa) [10] , with an overall 39% protective effect. These results demonstrate the utility of having tenofovir at the site of transmission to inhibit the early rounds of viral replication [10] . We studied intrapatient genetic diversity of HIV infection in the CAPRISA 004 trial participants with breakthrough infections to determine whether the use of the 1% tenofovir gel affected the genetic bottleneck.
METHODS
Samples were provided from participants who seroconverted while participating in the CAPRISA004 trial [10] . Date of infection was defined as the midpoint between the last HIVnegative test and the first HIV-positive test or as 14 days prior [1] in the event of polymerase chain reaction (PCR)-positive, antibody-negative result. In CAPRISA 004, 98 study participants became infected with HIV (tenofovir gel, n = 38; placebo gel, n = 60). Two blinded panels of 43 and 7 samples were provided, of 7 seven were excluded because participants had been infected for >12 weeks, making it difficult to differentiate between single and multiple variant infections due to viral diversification [11] . A further 7 were not amplifiable, 5 of which had low viral load copy number.
To differentiate between single-and multiple-variant HIV transmission, we first screened for heterogeneity in 2 regions, V1/V2 and V4/V5, using heteroduplex tracking assay (HTA) because these variable regions of env are most likely to harbor the highest sequence diversity. Each amplicon was annealed to 2 separate probes to further enhance the chance of detecting sequence differences. Samples were classified as single-variant infection if there was a dominant band for all 4 comparisons, with the presence of a second band in 1 region accepted if it was faint and suggestive of recent diversification from a single founder. All samples classified as single-variant infections contained ≥30 amplifiable copies, which is sufficient to reproducibly quantify a 10% minority population [12] . Samples were classified as potential multiple-variant infections if >1 dominant band was visualized in any region. Multiple bands on a gel may be due to either multiple-variant transmission or viral evolution from a single founder virus infection. To differentiate these 2 scenarios, we used single genome amplification (SGA) and sequencing [11] .
Human immunodeficiency virus type 1 RNA was extracted using the MagNA Pure RNA isolation kit (Roche Diagnostics). Samples with viral loads ≤5000 copies/mL were concentrated by centrifugation. For the HTA, the V1/V2 (HXB2: 6555-6981) and V4/V5 (HXB2: 7341-7715) regions were PCR amplified as described [13] . Amplicons were assayed using 2 sets of subtype C-radiolabelled probes to each of the V1/V2 and V4/V5 env domains [13] . For HIV-1 env SGA analysis, participant complementary DNAs were diluted to a single copy and amplified as described [1, 3] . Sequences were excluded if they contained >1 double peak in the sequence chromatogram or deletions >100 nucleotides. A single double peak in the sequence chromatogram was permitted only if it was not located in the same position as other double peaks from the same participant.
Pairwise DNA distances and neighbor-joining phylogenetic trees were computed using MEGA 4.1. [14] . Sequence differences were visualised using Highlighter nucleotide transition and transversion plots (http://www.hiv.lanl.gov). Time of divergence from the most recent common ancestor (tMRCA) was estimated using Bayesian Evolutionary Analysis Sampling Trees version 1.4.7 [15] , as described previously [1, 3] .
All P values are 2-sided and calculated using Fisher's exact test, and all confidence intervals (CIs) are 95% and calculated using GraphPad Prism version 5.00. 
RESULTS
To determine the genetic complexity of HIV following transmission in women exposed to tenofovir vs placebo, we screened 29 of the 36 samples by HTA. This method is sensitive to detecting small sequence differences between variants, which are visualized as altered migration patterns of heteroduplexes in a gel (Figure 1 Figure 1B and 1C) . Eleven individuals were identified with high-diversity infection based on multiple bands.
Twenty samples were sequenced using the single genome amplification approach: in addition to the 11 samples identified as putative multiple-variant infections by HTA, a further 7 were sequenced because there was no HTA analysis available, and 2 samples were sequenced as controls ( participant-292, HTA detected no diversity; and participant-310, HTA detected diversity in 1 variable region). In total, 363 sequences were generated (median of 20 per participant) spanning the first approximately 1950 nucleotides of gp160, including the entire gp120. All 20 participants were infected with HIV-1 subtype C ( Figure 1A) .
Classification of single-variant transmission was based on low intraparticipant sequence diversity with no or limited structure in the phylogenetic tree and genetic differences within the expected range for the duration of infection [3] . Based on these criteria, 11 individuals were classified as having single-variant infections, of which 5 had been identified as having putative multiple-variant transmissions using HTA. Heteroduplex tracking assay is very sensitive to sequence changes, and the accuracy of defining the number of transmitted viruses is greatest when sampling is close to the date of transmission. The samples with multiple bands were acquired at >6 weeks postinfection and had evidence of immune pressure, including sequence gaps in the V1/V2 env domains, which accounted for the diversification (Table 1 ; Figure 1D ). The mean of the maximum sequence diversity in the single-variant infections was 0.2% and ranged 0%-0.3%. The classification as single-variant transmission was supported by the estimated time to tMRCA, which was within the range of the duration of infection (Table 1) . Combining the HTA and sequencing results, 30 participants were identified as being infected with a single variant.
Five participants were classified as infected with multiple variants based on high pairwise distance of the sequences, structure in the phylogenetic tree, and tMRCA predating the estimated date of infection (Table 1 ). In 1 of the 5 participants (participant-299), we were not able to generate sufficient amplicons to estimate tMRCA; however, the phylogenetic analysis and maximum genetic distance of 1.3% were sufficient to confidently classify this individual as having a multiple-variant infection (Table 1) . A sixth participant (participant-325) was classified as infected with multiple variants because, although we were unable to sequence the virus, there were clear multiple dominant bands on HTA gels in both genomic regions, a banding pattern that exceeded that expected for the short duration of infection (approximately 3 weeks). Of these 6 participants, 5 were from the tenofovir gel arm, and 1 was from the placebo arm. In summary, to determine if the use of the 1% tenofovir gel affected the mucosal barrier, thereby altering the genetic bottleneck associated with transmission, we defined multiplicity of infection in 36 participants: 22 were from the tenofovir gel arm and 14 were from the placebo arm. We found that the frequency of single-variant infection was not significantly different between the tenofovir gel and placebo arms (P = .37), with a single virus responsible for 17 (77%; 95% CI, 56%-90%) infections in the tenofovir arm and 13 (93%; 95% CI, 67%->99%) infections in the placebo arm. In a previous study of 69 men and women from Malawi and South Africa, we found 78% of infections involved single-variant transmission. Of these, 26 were women from the CAPRISA 002 cohort, which recruited from the same population and geographical region. The percentage of single-virus transmission in the tenofovir arm was identical to that of gel-unexposed participants reported for the CAPRISA 002 cohort (20 of 26; 77%) [1] ( Figure 1E ).
DISCUSSION
No alteration in the transmission bottleneck in the breakthrough HIV infections in the tenofovir gel arm of the CAPRISA 004 microbicide trial was detected. The single-virus transmission rates were not significantly different between the tenofovir gel and placebo gel: 77% of the women from the tenofovir gel arm (17 of 22) and 93% from the placebo gel arm (13 of 14) (P = .37) had HIV infections that were a result of a single variant. Further, the single-virus transmission rate in the tenofovir gel arm was similar to that from a previous study [1] in a similar group of women not exposed to the microbicide or placebo gel.
These results provide further insights into the dynamics of transmission in the CAPRISA 004 tenofovir trial [10] . Past studies in African heterosexual cohorts found significantly increased (50%) incidence of multiple-variant infections in individuals with compromised vaginal mucosal barriers [2] . In the CAPRISA004 trial, genital samples were tested for sexually transmitted infections (STIs) at first diagnosis of HIV-1 infection (Table 1) [10] . In the subset of participants included in the current study, no difference (P = 1.00) in the incidence of STIs was observed between the 2 study arms, and the presence of STIs, albeit in a limited sample size, did not appear to impact the incidence of multiple-variant transmission (P = .21).
The results presented here from the CAPRISA 004 tenofovir gel trial show no significant increase in the incidence of multiple-variant infections in the tenofovir gel-or placebousing arm of the trial and an identical frequency in the incidence of multiple-variant infections to individuals recruited from similar communities who did not use the gel ( Figure 1E ). Although we included all but 1 of the amplifiable samples from the tenofovir gel users, it should be noted that this limited sample size would only have detected a large effect of the microbicide on the transmission bottleneck. In conclusion, the protective effect of tenofovir gel [12] , together with the maintenance of the multiplicity of infection between different groups (1% for the tenofovir gel group, the placebo gel group, and the non-gel users from a similar community), suggests that the microbicide did not compromise the vaginal mucosa barrier.
Notes

